seconds. The maximum increase was twofold. These changes were accompanied by the development of F-actin-rich pseudopods, as noted with fluorescence microscopy and scanning electron microscopy. Selected biochemical inhibitors were used to study the regulation of the IL-8-induced actin changes. Incubation of neutrophils with 2 pg/mL pertussis toxin resulted in a 67% inhibition of the IL-8-induced F-actin increase. The protein kinase C EUTROPHIL MIGRATION to sites of inflammation N occurs in a variety of pathologic states. The regulation of neutrophil migration involves the coordinated action of surface receptors, second messengers, and the cytoskeleton.',' Actin is a key component of the neutrophil cytoskeleton, and its reversible polymerization is central to neutrophil m i g r a t i~n .~,~ The signal pathway regulation of actin polymerization is an area of intense study, as is the structure and function of many physiologic neutrophil activators. One such activator, interleukin-8 (IL-8), is a cytokine produced by a variety of cell types including monocytes, T lymphocytes, fibroblasts, and endothelial cells.' IL-8 induces many responses in neutrophils similar to those seen with fMLP including chemotaxis, neutrophil degranulation, and respiratory Recently, IL-8 was shown to increase F-actin in neutrophil^,^.'^ a finding that correlates with the known effect of IL-8 on chemotaxis, and parallels observations with fMLP. The signal-pathway regulation of fMLP-induced actin responses has been studied in great detail. However, the role of calcium, protein kinase C (PKC), and G proteins in IL-8-induced actin responses remains to be determined. Given the proinflammatory effects of IL-8 in a variety ofclinical settings and the potential for modulat- aminophen0xy) ethane-N,N-","-tetraacetic acid (BAPTA). However, BAPTA-treated neutrophils retained the ability to increase F-actin in response to IL-8. Similar results were seen with fMLP, indicating that, similar to fMLP, the IL-8-induced actin response is mediated through pertussis-toxin-sensitive G-proteins but is neither dependent on PKC nor increases in cytosolic calcium. Thus, although IL-8 and fMLP exert their effects on neutrophils through different receptors, the signal transduction pathways used and the effects on actin conformation and pseudopod formation are similar. ing the chemoattractant effect on neutrophils to decrease unwanted tissue damage, we investigated the regulation of IL-8-induced actin polymerization. We found that IL-8 causes an increase in neutrophil F-actin that is dependent on a pertussis-toxin-sensitive G-protein, is independent of PKC, and can occur in the absence of an increase in intracellular calcium.
MATERIALS AND METHODS
Preparation ofneutrophils. Neutrophils were isolated from citrated blood obtained from normal volunteers using dextran sedimentation followed by Ficoll-Hypaque centrifugation. Saline lysis was were thawed and diluted in RPMI/O.Ir;s bovine serum albumin (RSA) and added to I mL of cell suspension to achieve the desired final concentration. l~S-isoquinolinylsulfonyl~3-mcthylpiperizinc (H7; Seikagaku America Corp. St Petcrsburg. FL) and IL-8 (Calbiochem. San Diego, CA) were refrigerated in distilled water and used directly from the stock solution. Pertussis toxin (Calbiochem) was refrigerated and used directly from stock solution. For many experiments. cells were incubated with inhibitors before the addition ofcell activators. All incubations were performed at 37°C as follows: H7 for IS minutes. staurosporine for 5 minutes. pertussis toxin for 180 minutes, and RAPTA for 30 minutes. All experiments were performed at room temperature. For each experiment. aliquots of the cell suspension containing I X IO6 cclls/200 pL were removed before and at appropriate times after the addition of activating agents and inhibitors. placed into I mL icecold 3.2% paraformaldehyde, and refrigcrated for 48 hours to permeabilize the cells for subsequent analysis.
Flow cytomcvry. Cells were prepared for flow cytometry using previously descrihed methods.' Cells were washed with PRS containingO.l% RSA and incubated in thedark with theF-actin-specific prohe. 7-nitrobenz-3-oxadiazole (NRD) phallacidin (0.6 pmol/ The cells were then washed with PRS/0. 1% RSA and cylospin preparations were made. The cell preparations were studied with fluorescent microscopy. and representative cells were photographed. Scunnin,q cktron micmwopy. Aliquots of fresh cell samples taken at appropriate time points were pipetted into 1% glutaraldehyde in Sorcnsen's phosphate buffer and fixed for I hour. Cellswcre then rinsed with Sorensen's buffer and attached to poly-L-lysinecoated mica chips. They were post-fixed in 1% osmium tetroxide for I hour and rinsed again. Samples were dehydrated in a graded ethanol series and critical point dried. Cells were coated with gold palladium and ohserved with a JEOL T330A scanning electron microscope (JEOL USA Inc. Peabody, MA). scncc of the calcium chelator RAPTA. Ancr cell separation. neutrophils were rcsuspcnded in RPMI/O. Irk RSA at a concentration of 1 X IO6 cells/mL. RAPTA was added to ccll suspcnsions during vortexing so that a linal Concentration of 25 pmol/L was achieved. DMSO was added to control cells. Samples were then incubated for 30 minutes at 37°C. pclleted. and resuspcndcd in loading huffcr containing Hanks Ralanccd Salt Solution (HRSS). I mmol/L Ca". I mmol/l. Mg". and 15' RSA.
Neutrophils were then loaded with the calcium-sensitive fluom cent prolx fura-2-AM (fun-2-tetraacetomcthoxy ester: Molecular Prohes Inc) using previously described methods." A suspension of 5 x 10'cells/mL in HRSS was incubated at 37OC for 10 minutes in a shaking water bath. The cells were diluted sixfold and incubated for 20 minutes. This suspcnsion was further diluted fivefold. ccntrifuged at 2 5 0 ,~ for 10 minutes. and muspcndcd at 2 X 10" cclls/mL in I IRSS containing I mmol/L calcium and I mmol/L magnesium for thccalcium determinations. I-un-2 fluorescence was monitored continuously with a SPEX Fluorolog photofluonmeter (SPEX Industries, Edison. NJ) using dual exitation monochromators. The intracellular ionized free calcium Concentration (Caf') was determined as follows:
R is the ratio ofemission intensities at 505 nm on excitation at 340 and 380 nm. R, , , was obtained hv inducing cell lysis with 0.1";.
Triton. which exposcd the fun-2 to 1 mmol/L external calcium. and R,,, was determined at 7ero calcium on addition of 6.25 mmol/L EGTA to the lysed cellular suspcnsion at ptl 8.5. K is the product. kd X (FdFs). where kd is the effcctivediswciation constant of f u n 2 for calcium (224 nmol/L). fyo is the 380-nm excitation signal in the absence of calcium. and I-, is the 380-nm excitation signal in the prescncc of calcium.
RESULTS
I:'/rct of 1 1 A on F-actiti contmt and ccdl sliap> it1 ncittrophi1.r. Neutrophils treated with IL-8 showed a dosedependent increase in F-actin content which occured within 30 to 60 seconds of IL-8 addition (Fig I) . The doses used ranged from 0.1 2 nmol/L to I2 nmol/L ( I ng/mL to IO0 ng/mL). The lowest dose resulted in essentially no change. and the maximum increase was twofold. The magnitude and time course of the responses were similar to those seen with comparable doses of ~TVILP..',~ Fluorescence microscopy using rhodamine phalloidin staining showed actin redistribution and the development of F-actin-rich pseudopods after IL-8 treatment (Fig 2) . Scanning electron microscopy showed pseudopod formation and membrane rutling that correlated with the fluorescence microscopy (Fig 3) . (Fig 4) . Intracellular calcium increased from 50 nmol/L to 200 nmol/L within 30 seconds of addition of 10 nmol/L FMLP (Fig 4) . The intracellular calcium chelator BAPTA completely blocked the increase in intracellular calcium caused by IL-8 and FMLP (Fig 4) . BAPTA-treated neutrophils from the same sets of experiments were also used to determine the effect of calcium depletion on IL-8-and FMLP-induced actin polymerization. Although the cells pretreated with BAPTA did not increase their F-actin content to the extent of that seen in the control cells, IL-8 and FMLP still caused 1 S5-fold increases in F-actin content in the absence of any rise in intracellular calcium (Fig 5) . Fluorescence microscopy was used to evaluate neutrophils from the BAPTA experiments. IL-8 and FMLP caused F-actin-rich pseudopods to form in the absence of an increase in intracellular calcium. These pseudopods appeared similar to cells not treated with BAPTA; however, their baseline appearance (at t = 0 minutes) was not as spheroidal as the control neutrophils.
Rolc (?Sititracdliilar t.alc*iiim in II,-X-indiiccvl F-actin in-
Effect of pertussis toxin on IL-&induced F-actin increases in neutrophils. The IL-8 receptor is G-proteinlinked, yet separate and distinct from the fMLP receptor. Pertussis toxin inhibits fMLP-induced actin polymerization in neutrophils,12 and, therefore, the effect on IL-8 responses was studied. Neutrophils were incubated with 1 pg/ mL and 2 pg/mL pertussis toxin for 180 minutes and then treated with 12 nmol/L IL-8. Pertussis toxin inhibited, in a dose-dependent fashion, the previously shown increase in F-actin seen after IL-8 treatment (Fig 6) . The 2 pg/mL dose resulted in a 67% inhibition of the F-actin increase. This dose of pertussis toxin resulted in a 55% inhibition of the F-actin increase in neutrophils treated with 10 nmol/L FMLP.
Effect of PKC inhibitors on IL-&induced F-actin increases in neutrophils. To evaluate the potential role of PKC in IL-8-induced neutrophil actin responses, the PKC inhibitors H7 and staurosporine were used. Exposure of neutrophils to 100 pmol/L H7 for 15 minutes or 100 nmol/L staurosporine for 5 minutes before the addition of 12 nmol/ L IL-8 did not inhibit the previously shown increase in F-actin content (Fig 7) . Both H-7 and staurosporine inhibited the F-actin increase induced by 10 nmol/L 12-0-tetradecanoyl phorbol-13-acetate (TPA). This was essentially a total inhibition at 0.5 and 1 .O minutes with a subsequent increase to 1.2-to 1 .4-fold above the baseline F-actin content at 5 to 10 minutes.
DISCUSSION
Studying the signal pathway regulation of cytokine-mediated responses in neutrophils will enhance our understanding of inflammation, and the pharmacologic modulation of unwanted inflammation may hold promise in the For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From clinical management of patients with inflammatory states. IL-8 is somewhat unique among cytokines in that it does not prime neutrophils for physiologic actions but directly causes many responses in neutrophils, including chemotaxis. Neutrophil chemotaxis is dependent on the coordinated polymerization of actin, the regulation of which is best understood in experimental systems using fMLP.' Our studies show that the regulation of IL-&induced neutrophil-actin polymerization is via a signal transduction pathway similar to that described for fMLP.
The signals generated after fMLP-receptor occupancy include a pertussis-toxin-sensitive G-protein step and activation of the phosphotidylinositol pathway with subsequent PKC activation and calcium mobili~ation.'~ The roles of these two second messenger systems in fMLP-induced actin-polymerization responses have been studied extensively. Despite evidence of PKC activation and calcium mobilization, neither pathway can account for the observed actin response^.'^ The IL-8 receptor and the M L P receptor are both G-protein-linked.'~~ However, in human leukocytes, there is minimal sequence homology between the two re~ept0rs.I~ Pertussis toxin inhibits many effects of fMLP on neutrophils, such as degranulation and actin polymerization.I6 Pertussis toxin also inhibits IL-&mediated events such as respiratory burst, exocytosis and shape change.6 Shape changes in neutrophils are mediated by changes in actin conformation and other cytoskeletal proteins. Our studies show that pertussis toxin inhibits IL-8-induced actin polymerization, further supporting both the shape-change observations and the functional similarity with fMLP. The role of calcium in fMLP-induced neutrophil-actin polymerization has been studied extensively. In neutrophils, calcium ionophores cause increases in F-actin, yet fMLP-induced actin polymerization still occurs when intracellular calcium is held table.".'^ It is generally accepted that increases in intracellular calcium are not necessary to initiate actin polymerization. Our data confirm that IL-8 causes an increase in intracellular c a l c i~m~~~, '~ and show that a calcium increase is not necessary for IL-&induced actin polymerization in neutrophils. In these experiments, the F-actin response in BAPTA-treated cells was 65% ofthat in control cells, suggesting some inhibitory effect of calcium chelation. However, it is notable that a 1.55-fold increase in F-actin content occurred despite the complete inhibition of a calcium spike, indicating that an increase in intracellular calcium is not required for IL-&induced actin polymerization.
The role of PKC in neutrophil-actin polymerization has also been studied.20,2L,22 Although direct PKC activation with phorbol esters results in increases in F-actin and although surface receptor activators such as fMLP cause actin polymerization and PKC-mediated phosphorylation, the relationship between PKC and chemotactic peptide-receptor-mediated events is not entirely understood. When the effects of PKC activators and fMLP on neutrophils are compared, differences in pho~phorylation~~ and cytoplasmic streaming are ~bserved?~ which may account for differences in the effects on actin conformation. The PKC inhibitor H7 has no effect on fMLP-induced actin polymerization in neutrophil^,^^ and our current work shows this to be true for IL-&mediated actin responses.
In vivo, tissue destruction occurs following neutrophil reFor personal use only. on November 11, 2017 . by guest www.bloodjournal.org From cruitment and activation, events that are triggered by IL-8 and are dependent on the cytoskeleton. The proinflammatory effects of IL-8 have been implicated in a variety of conditions, including idiopathic pulmonary fibrosis:6 rheumatoid ps0riasis,2~ ulcerative colitis,30 and reperfusion i n j~r y .~' To date, there are few studies linking the in vitro alteration of neutrophil behavior with clinical benefit; however, studies with drugs such as pentoxyphyline3* suggest that the signal transduction mechanism may be an important target for future therapy. The studies described here increase the understanding of IL-%mediated changes in neutrophils and may help focus attempts to pharmacologically modulate these changes.
